The aim of this study was to determine the relationships between morphological features, canopy parameters, weed infestation, and grain yield of spring wheat varieties. The study was conducted in the period 2011-2013, on fields managed organically at the Experimental Station of The Institute of Soil Science and Plant Cultivation -State Research Institute, Osiny, Poland. Thirteen spring wheat varieties were sown in a randomized complete block design with four replications. Weed density and dry matter production were estimated as well biometric features of the wheat varieties at tillering (BBCH 22-24) and dough (BBCH 85-87) stages. The analyses of variance showed that the year had a stronger effect than varieties on the level of weed infestation. Pearson's correlation analysis indicated that weed number was influenced by the height of wheat plants and their aboveground biomass at the tillering stage and additionally by number of tillers at the dough stage. A significant correlation (r = −0.328, siginfficant at p < 0.05) was shown between the number of weeds and wheat grain yield. Different morphological features and canopy parameters influenced the competitive abilities of the spring wheat varieties tested. A cluster analysis detected one set of varieties with the largest ('Bombona' , 'Brawura' , 'Hewilla' , 'Kandela' , 'Katoda' , 'Łagwa' , and 'Żura') and another with the smallest ('Monsun' , 'Ostka Smolicka' , and 'Parabola') competitive abilities against weeds. The main outcome of the research is information for farmers as to which varieties are highly competitive against weeds and also high yielding. Among the varieties with the highest competitiveness, Triticum aestivum 'Żura' was the highest yielder (3.82 t ha −1 on average), whereas 'Bombona' yielded only at an average level (3.03 t ha −1
Introduction
The area of agricultural lands dedicated to an organic farming system has shown continuous growth in a number of European countries [1] . In this specific system, the use of synthetic fertilizers and chemical plant protection measures are forbidden according to legal regulations [2] . Weed management incorporates agricultural practices which create a balance between cultivated crops and weeds. These practices include crop rotation, choice of species and varieties, soil tillage, organic fertilization, date and density of sowing as well as direct mechanical, biological, and physical methods of weed control [3, 4] .
The choice of cereal varieties suited to the specific conditions of organic agriculture requires a different approach to that used in a conventional, high input system [5, 6] . This is because there are fewer opportunities in organic production to compensate for yield decrease caused by diseases, low nutrient levels, and weeds [7] . Breeders typically work under weed-free conditions and develop cultivars for specific environments without taking into consideration their competitive ability against weeds. It is estimated that >95% of organic production is based on crop varieties that were bred for the conventional high-input sector [8] . The lack of information on the performance of modern cereal varieties under organic conditions is a limitation for this production [9] .
Cereal varieties vary in their competitiveness against weeds [10] [11] [12] and those with a high degree of competitive ability, especially against aggressive weeds, are highly beneficial in organic farming and other low-input farming systems because they protect against the build-up of weed infestation and proliferation of the weed seed bank [3, 5] . A review of world literature indicates that the competitiveness of cereal varieties depends on crop density and intrinsic morphological and growth features, such as rate of growth, length of stems, tillering rate, surface and angle of leaf attachment on the wheat plant as well as any allelopathic properties [13] [14] [15] [16] [17] . Competitive ability is usually not attributed to a single characteristic, but it involves the interaction of a series of desirable traits [7] . Studies that aim to find the variety that is highly competitive against weeds are very useful in the improvement of organic, low-input and integrated crop production systems [18, 19] .
The aim of this study was to determine the relationship between the features of 13 spring wheat varieties included in the "Common catalogue of varieties of agricultural plant species" [20] and their competitive potential against weeds and grain yield.
Material and methods

Site characteristics, experimental design, and agronomic practices
The study was conducted in 2011-2013 in the Experimental Station of the Institute of Soil Science and Plant Cultivation -State Research Institute in Puławy, Poland (51°28' N, 22°04' E), on fields managed organically since 1994. The experiment was located on a Luvisol soil type [21] , with a texture of loamy sand, characterized by a slightly acid reaction (pH KCl = 5.6), an average phosphorus content (43.6 mg kg −1 P), a low potassium level (63.1 mg kg −1 K), and a humus content of 1.6%. The organic system in place comprises five fields with an area of 1 ha. Crops are cultivated in rotation: potato, spring wheat, clovers and grasses (first year and second year), winter wheat and a catch crop (mustard). Within the field of spring wheat (Triticum aestivum L.), a one-factor experiment was established with different varieties, arranged in a randomized complete block design with four replications. The area of each replicate plot for sowing and harvest was 100 m 2 . The 13 spring wheat varieties selected for cultivation were all included in the "Common catalogue of varieties of agricultural plant species" [20] , and differed in their morphological features: 'Bombona' , 'Brawura' , 'Hewilla' , 'Kandela' , 'Katoda' , 'Łagwa' , 'Monsun' , 'Ostka Smolicka' , 'Parabola' , 'Trappe' , 'Tybalt' , 'Werbena' , and 'Żura' . Pre-sowing treatments were performed in accordance with good agricultural practice and sowing was at the optimum time for the region (April 11, 2011, April 5, 2012, and April 15, 2013) . Sowing rates were the same for each variety -450 grains m −2 . The row spacing was 12 cm and the planting depth 3.5 cm. According to organic agriculture ruling, mineral fertilizers and other agrochemicals were not used [2] . Harvests were made on August 12, 2011, August 4, 2012, and August 6, 2013.
Meteorological conditions
The experimental site is located in a moderately continental climatic zone. Annual total precipitation was 586 mm, with a mean air temperature of 7.5°C (data for the years 1950-2010, Agrometeorological Station, Puławy). The climatic data for the research period are presented in Tab. 1. In both 2011 and 2012, inadequate rainfall was observed in the spring. However, meteorological conditions in spring 2013 were favorable for wheat growth and development. Only drought in July significantly influenced nutrient uptake which resulted in a lower grain yield.
Sampling and estimation of traits
The number of weeds and their dry matter production were assessed twice in the growing seasons: at the tillering stage (BBCH [22] [23] [24] and in the dough stage for spring wheat (BBCH 85-87) [22] , using the weight-counting method, on an area of 0.5 × 1 m in each plot [23] . Weeds were cut at soil level, sorted by hand and assigned to species according to the method of Rutkowski [24] . Thirty wheat plants were removed by hand from the same area colonized by weeds to assess their density and total aboveground biomass as well as their height and number of tillers. Dry matter production of weeds and wheat was determined after drying at 40°C for 7 days. Grain yield was evaluated for the whole plot area after harvesting using a special small harvester, calculated as t ha −1 at 15% moisture content.
Statistical analysis
Two-factor ANOVA for a completely randomized model with interaction was used, where varieties and years were main effects (13 varieties × 3 years). The significance of any differences between treatments was verified by Tukey's test at p ≤ 0.05. Where no significant interaction between Variety × Year was demonstrated at the 95% confidence level, letters are attached to means of main factors in the relevant tables presented in the "Results" section. Where there were significant interactions, the differences between varieties were analyzed separately for each year, and letters attached in the "Results" tables relate to treatments. In order to estimate how the features of spring wheat varieties influence the parameters of weed infestation, Pearson's correlation coefficients were computed between the number of weeds and their dry matter production, morphological features, and canopy parameters. A cluster analysis using the furthest neighbor method was performed in order to classify the samples into groups with similar characteristics. Calculations were performed using Statgraphic Plus version 2.1 software.
The structure of weed communities was also analyzed using two ecological indices: Shannon's diversity index: H' = −∑p i ln p i [25] and Simpson's dominance index: SI = ∑p i 2 [26] , where p i is the probability of species occurrence in the sample. In order to classify the samples (varieties) based on their weed species composition, detrended correspondence analysis (DCA) was used, as this is recommended for preliminary ordering of floristic samples [27] . The results of these ordinations are presented graphically on separate diagrams for samples and species. These analyses were performed using Canoco 4.5 [28] .
Results
Assessment of the competitiveness of spring wheat varieties at the tillering stage
No significant differences were demonstrated in the number of weeds between the varieties tested (Tab. 2). A significant interaction Variety × Year in weed dry matter production was however detected. In 2011, 'Brawura' and 'Tybalt' were characterized by the lowest competitiveness against weeds reflected in a two times higher weed biomass yield than the mean value of all varieties. The analysis of morphological features and canopy parameters showed significant differences in height, number of tillers, plant density, and dry matter yield of the wheat varieties at the tillering stage. The highest number of tillers per plant was observed for 'Tybalt' in every year and the lowest for 'Katoda' in 2011 and 'Hewilla' and 'Żura' in the other years (Tab. 3). Cultivars 'Żura' , 'Parabola' , 'Brawura' , and 'Hewilla' were the tallest at this stage, whereas 'Tybalt' , 'Bombona' , and 'Ostka Smolicka' were the lowest growing. Cultivar 'Bombona' was characterized by the highest density of wheat plants in 2011 and this parameter influenced its competitiveness against weeds (Tab. 4). A large number of plants per unit area was also noted for 'Trappe' , but it was not correlated with its suppressive ability (Tab. 4, Tab. 5, and Tab. 10). The lowest wheat plant density and dry matter production were found for 'Hewilla' in 2011. Significant varietal differences in the accumulation of biomass were recorded in 2011 (Tab. 4).
Different morphological features and canopy parameters influenced the competitive abilities of the 13 spring wheat varieties at the tillering stage. Cluster analysis divided varieties into three groups with different suppressive abilities against weeds (Tab. 5). Seven varieties belonging to the first group: 'Bombona' , 'Kandela' , 'Katoda' , 'Łagwa' , 'Monsun' , 'Ostka Smolicka' , and 'Tybalt' , characterized by the lowest number of weeds and a high number of tillers and wheat plant density. The second cluster grouped three varieties: 'Hewilla' , 'Parabola' , and 'Żura' , which had the maximum height and dry matter production of wheat and the lowest dry matter yield of weeds. The third cluster included the varieties with the highest level of weed infestation, high wheat plant density, and intermediate values of other features ('Brawura' , 'Trappe' , and 'Werbena'). Correlation analysis for all varieties together showed that for the parameters tested, height and wheat dry matter production mainly determined the weed number at the tillering stage (r = −0.378 and r = −393, respectively; significant at p < 0.05) (Tab. 11).
Tab. 2 Number of weeds and their dry matter in spring wheat varieties at the tillering stage. Assessment of the competitiveness of the spring wheat varieties at the dough stage
At the dough stage, no significant differences between varieties were detected in the number of weeds, but were in their dry matter yield (Tab. 6). Weed dry matter in the most suppressive variety, 'Bombona' , was 32% lower than the mean for all varieties, whereas it was 35-37% higher in the case of the least suppressive varieties, 'Monsun' and 'Trappe' . Cultivars 'Parabola' and 'Monsun' showed the highest number of weeds and largest dry matter production, which was reflected in the results of the cluster analysis (Tab. 6 and Tab. 9). It should be emphasized that the year had a stronger effect on the weed number (F = 40.18) than did cultivar (F = 0.59). Similarly, weed dry matter was more influenced by the year (F = 6.03) than by cultivar (F = 1.50). Cultivars 'Hewilla' and 'Brawura' had the longest stems (Tab. 7) and highest dry matter of aboveground parts (Tab. 8). The greatest density of wheat plants per unit area was recorded for 'Brawura' , 'Bombona' , and 'Katoda' and the smallest for 'Tybalt' . The shortest varieties were 'Werbena' and 'Tybalt' . Cultivar 'Parabola' grew the smallest number of tillers (Tab. 7) and at the same time had low competitiveness in relation to weeds, which was confirmed by the results of the cluster analysis (Tab. 9).
Cultivars 'Monsun' , 'Ostka Smolicka' , and 'Tybalt' were the strongest competitors against weed infestation at the tillering stage (Tab. 5), but during the growing season their suppressive abilities decreased (Tab. 9). The results of the cluster analysis confirmed a high competitive potential of 'Bombona' during the whole growth season and also the increasing competitiveness of 'Brawura' . At the tillering stage, 'Brawura' was one of the most weedy varieties, although at the dough stage its competitiveness had increased significantly, which placed it among the most competitive varieties against weeds, with 'Bombona' , 'Hewilla' , 'Kandela' , 'Katoda' , 'Łagwa' , and 'Żura' (Tab. 9).
At the dough stage, the total number of species in weed communities ranged from 26 in 'Łagwa' to 35 in the 'Monsun' canopy (Tab. 10). For all varieties, short-lived (annual) species dominated (92% of total weed abundance), such as Chenopodium album L., Stellaria media (L.) Vill., and Viola arvensis Murray. Perennial species (8% of total weed number) were dominated by Plantago major L. The diversity of the weed flora, as measured by Shannon's diversity index, was high and ranged from 2.32 ('Werbena') to 2.50 ('Bombona'). Low values of Simpson's dominance index (<0.3) suggested that there was no significant dominance by any of the species in the weed communities (Tab. 10).
In order to determine the relationship between varieties and the presence of certain species of weeds in the wheat canopy, ordination analysis using the DCA technique was used (Fig. 1) . The smaller the distances between points on the diagram, the greater the similarity of species composition of the weed communities. Our data showed the greatest similarity of weed flora in plots of 'Bombona' , 'Hewilla' , and 'Katoda' as well as 'Łagwa' , 'Trappe' , and 'Brawura' (Fig. 1a) . The most weedy 'Parabola' , 'Monsun' , and 'Ostka Smolicka' showed differences in species composition, as evidenced by the distance of points on the ordination diagram. Many weed species grouped in the middle of the ); NT -number of tillers per plant; H -height (cm); WD -wheat density (plants m −2 ); WDM -wheat dry matter (g m −2 ). diagram, which shows that they occurred in all varietal plots and were not specific for any of them (Fig. 1b) . Species coming off the diagrams were characteristic for some varieties, for example, Arctium lappa L. for 'Tybalt' , Erigeron annuus L. Pers. for 'Werbena' , and Anchusa arvensis (L.) M. Bieb. for 'Brawura' . Erigeron annus (L.) Pers., together with Soligago gigantea Aiton and Conyza canadensis (L.) Cronquist are all invasive alien species. According to the results of the cluster analysis, varieties with the lowest weed infestation were the tallest and had the greatest density of their canopies and dry matter of wheat as well as a large number of tillers (Cluster 1) (Tab. 9). The most weedy varieties, 'Monsun' , 'Ostka Smolicka' , and 'Parabola, had the lowest number of tillers (Cluster 3). Three varieties, 'Trappe' , 'Tybalt' , and 'Werbena' , with a medium level of infestation of weeds, were grouped together in Cluster 2 and were characterized by the highest number of tillers per plant, but the lowest plant heights, lowest wheat plant density and dry matter production.
Tab
Tab. 8 The selected canopy parameters of spring wheat varieties at the dough stage. The same notes apply as in Tab. 5. The value 0.0 means that the species was found in a number less than 0.1 plant m −2
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The results of the correlation analysis indicated that at the tillering stage, the dry matter and height of wheat plants had the greatest impact on the number of weeds, whereas at the dough stage, the number of tillers also influenced the degree of weed infestation (Tab. 11). Weak, but significant correlation between number of weeds and wheat grain yield was found (r = −0.213 at the tillering stage and r = −0.328 at the dough stage; both significant at p < 0.05).
A significant positive correlation between wheat plant height, number of tillers, wheat dry matter, and grain yield was demonstrated. Among varieties with high competitive abilities,'Żura' , 'Kandela' , and 'Katoda' had significantly the highest yield (3.74-3.82 t ha ); NT -number of tillers per plant; H -height (cm); WD -wheat density (plants m −2 ); WDM -wheat dry matter (g m −2 ). * Significant correlation at p ≤ 0.05. on grain yield (F = 90.14) than did variety (F = 3.54) . Significantly lower yields of all varieties in 2013 were due to a prolonged drought in July which probably influenced nutrient uptake (Tab. 1 and Tab. 12).
Discussion
In our study, greater differences in weed infestation of spring wheat were established between years than between varieties, which confirmed the results of earlier research conducted on winter wheat varieties [17] . The results of the cluster analysis indicated that 'Bombona' , 'Hewilla' , 'Brawura' , 'Kandela' , 'Katoda' , 'Łagwa' , and 'Żura' are strongly competitive against weeds, which was reflected in the lowest number and dry matter production of weeds at the end of the growing season (77 plants m −2 and 37 g m −2 respectively, on average). These varieties were the tallest and they were characterized by the best establishment and dry matter in aboveground parts. Conversely, 'Monsun' , 'Ostka Smolicka' , and 'Parabola' had the lowest competitive abilities, which resulted in the highest level of weed infestation (91 plants m −2 and 54 g m −2 respectively, on average). The degree of infestation was influenced by the dry matter elaborated and the height of the wheat at the tillering stage and additionally by the number of tillers at the dough stage. The study of winter wheat varieties conducted on the same experimental fields similarly indicated that dry matter of wheat, plant density, and the height had the greatest impact on weed number and biomass [17] . The correlations between varietal morphological features and weed abundance were stronger for winter wheat than for spring wheat which was also confirmed in research by Deveikyte et al. [29] .
Different features determined the competitiveness of spring wheat varieties. In 'Bombona' , the density of plants could be the most important factor. In many studies, plant height has been shown to be a significant or even the only factor for cereal competitiveness [10, 29, 30] . In contrast, other researchers have indicated that plant height is of minor importance [31, 32] . In a study by O'Donovan et al. [15] , differences in seedling establishment of wheat and barley varieties tended to influence competitive ability against wild oat (Avena fatua L.) more than did plant height. Lemerle et al. [12] also reported that there was no evidence of any relationship between morphological traits and suppression of weeds, which emphasizes the complex nature of competitiveness and the still poor understanding of the mechanisms underlying crop/weed interactions. According to Lammerts van Bueren et al. [8] traits important for weed suppression are fluid and often depend on site-specific environmental conditions, and also on the winter or spring growth habit in wheat. In the case of some varieties, a complex of features influences competitive ability but none of them dominate; indeed, other traits such as, e.g., allelopathic effects may be involved [8, 14, 30, 33] .
A weak, significant correlation was established between the number of weeds and wheat grain yield (r = −0.328 at the dough stage; significant at p < 0.05). A greater influence of weed infestation on grain yield was observed in the study of winter wheat varieties conducted on the same experimental fields [4] . The height and tillering of the varieties tested were positively correlated with grain yield, which suggests that the competitive ability does not impact on yield. In our research, highly competitive varieties yielded moderate (3.03 t ha −1 ) to the highest values (3.82 t ha −1 ). Similarly, in studies by Hoad et al. [5] , some highly competitive cultivars gave only modest yields. In a study on spring barley varieties by Leistrumaite et al. [1] , the yield correlated with the number of productive tillers (r = 0.63) and plant height (r = 0.53). Hucl [34] reported yield gains of 7-9% in "competitive" compared to "non-competitive" spring Tab. 12 The grain yield (t ha −1 ) of spring wheat varieties cultivated in an organic system. wheat varieties. For winter wheat, the highest grain-producing cultivars included three medium height cultivars [35] , but Murphy et al. [30] report no evidence of a causal relationship between ability in weed suppression and grain yield of spring wheat. According to Lemerle et al. [12] competitive ability and yield potential must therefore be treated as separate traits for selection. The grain yield of wheat in an organic system could be affected not only by weeds but also by nitrogen status and other nutrient deficiencies as well as, for example, fungal leaf diseases [4] . In this study, significantly lower grain yield of all spring wheat varieties in 2013 was caused by drought in July which probably affected the nutrient uptake. However, it was shown that on a fertile soil and after a suitable pre-cropping, it is possible to produce high yields of cereals in an organic system [9, 36] . In the studies of Feledyn-Szewczyk et al. [4] , spring wheat yielded 34% lower in an organic system than in a conventional one and varietal differences were apparent. Any information about the performance of cereal cultivars in an organic system could also be useful for low-input, integrated and conventional farming in order to achieve the economic and environmental goals [9, 18] .
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Conclusions
Based on the results reported here, the following conclusions can be drawn: ■ The year of an experiment had a stronger effect on weed abundance than did variety in spring wheat. ■ Weed infestation was influenced by the height of plants and their dry matter at the tillering stage, and additionally by the number of tillers at the dough stage. ■ Different morphological features and canopy parameters influenced the competitive abilities of the spring wheat varieties tested. A group of varieties was found to have the highest ('Bombona' , 'Brawura' , 'Hewilla' , 'Kandela' , 'Katoda' , 'Łagwa' , and 'Żura') and another the lowest ('Monsun' , 'Ostka Smolicka' , and 'Parabola') competitive ability against weeds at the dough stage. ■ A significant correlation was detected between the number of weeds and wheat grain yield (r = −0.328 at the dough stage; significant at p < 0.05). Among the varieties with the highest competitiveness, 'Żura' , 'Kandela' , and 'Katoda' yielded the most (3.74-3.82 t ha −1 ), whereas 'Bombona' gave only a moderate yield (3.03 t ha −1 on average). ■ Both the competitiveness of spring wheat varieties against weeds and the yield potential should be taken into account in the selection of varieties for an organic farming system.
